A novel methylotroph, strain M2, capable of utilizing methanesulfonic acid (MSA) as a sole source of carbon and energy was the subject of these investigations. The initial step in the biodegradative pathway of MSA in strain LL, UK M2 involved an inducible NADH-specif ic monooxygenase enzyme (MSAMO). Partial purification of MSAMO from cell-free extracts by ion-exchange chromatography led to the loss of MSAMO activity. Activity was restored by the mixing of three distinct protein fractions designated A, B and C. The reconstituted enzyme had a narrow substrate specificity relative to crude cellfree extracts. Addition of FAD and ferrous ions to the reconstituted enzyme complex resulted in a fivefold increase in enzyme activity, suggesting the loss of FAD and ferrous ion from the multicomponent enzyme on purification. Analysis of mutants of strain M2 defective in the metabolism of C, compounds indicated that methanol was not an intermediate in the degradative pathway of MSA and also confirmed the involvement of a multicomponent enzyme in the degradation of MSA by methylotroph strain M2.
INTRODUCTION
Dimethyl sulfide (DMS) is the principal biogenic organic sulfur compound entering the atmosphere, contributing around 50% of the total biogenic sulfur flux (Kelly & Smith, 1990) . The majority of DMS entering the atmosphere is produced in the marine environment as a byproduct of dimethylsulfoniopropionate (DMSP) biodegradation (Kiene, 1993) . DMSP is a cryo-protectant (Kirst e t al., 1991) and an osmolyte (Dickson et al., 1982) ; it is found in several organisms, including marine macroalgae (Dickson et al., 1982) , pelagic phytoplankton (Keller e t al., 1989) and cyanobacteria (Visscher & van Gemerden, 1991) . Atmospheric DMS is known to undergo lightand chemical oxidation. The reactions involved have been summarized by Kelly e t al. (1993) . A major product of these oxidation reactions can be methanesulfonic acid (MSA), a stable strong acid that does not undergo tDeceased (12 April 1993) .
Abbreviations: DMS, dirnethyl sulfide; DMSP, dirnethylsulfoniopropionate; MDH, methanol dehydrogenase; MSA, rnethanesulfonic acid; MSAMO, rnethanesulfonic acid rnonooxygenase; PQQ, pyrroloquinoline quinone.
photochemical oxidation (Andreae, 1986) . The MSA produced partitions into the aerosol phase, as well as providing cloud condensation nuclei, and is deposited on the Earth's surface in rain or snow and by dry deposition. Once deposited on the Earth, MSA is thought to undergo biodegradation ultimately to form CO, and SO:-, which in turn can be incorporated into DMSP, thus completing part of the biogeochemical organic sulfur cycle (Baker et al., 1991) .
The stability of MSA is due mainly to the strength of the C-S bond found in all organosulfonate compounds. The C-S bond resists normal hydrolysis under acidic or alkaline conditions (Wagner & Reid, 1931 ; Biedlingmaier & Schmidt, 1983) . The introduction of sulfonate groups into various chemicals is known to lead to a significant decrease in the biodegradability in comparison to substitution of the chemicals by the corresponding carboxylic group (Leidner et al., 1980) . However, both naturally occurring and man-made alkylsulfonates are found in the environment (White & Russell, 1993) . A recent review (Kertesz e t al., 1994) discussed the biodegradation of organosulfonates in some detail. Whilst the majority of research has centred on the microbial metabolism of Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11
On: Thu, 06 Dec 2018 02:13:59 T. P. H I G G I N S a n d OTHERS alkylbenzene sulfonates (arylsulfonates), where a common theme is the desulfonation of the aromatic ring by direct or indirect oxygenation (Locher et al., 1991 ; Junker eta& 1994 ; Kertesz et al. , 1994) , the biodegradation of aliphatic sulfonates has been somewhat neglected. Cblorella ftlsca utilizes C,-C, primary alkylsulfonates as sole sources of sulfur (Biedlingmaier & Schmit, 1983; Krauss & Schmidt, 1987) with MSA being the least well used. Aliphatic sulfonates have also been identified as sole sulfur sources for bacteria isolated from soil and sewage (Cook & Hutter, 1982) , as well as certain enteric bacteria (Uria-Nickelsen et al., 1993a) and some yeasts (Uria-Nickelsen et al., 1993b) . Bacteria have also been isolated which can utilize both primary and secondary alkylsulfonates as the only source of carbon and energy. Thysse & Wanders (1 974) described the degradation of nalkane-1 -sulfonates by two strains of Psetldomonas. Biodegradation of a secondary alkylsulfonate has also recently been reported (Quick e t al., 1994) . In both cases, primary biodegradation is proposed to be by direct desulfonation of the alkyl sulfonate. The mechanism proposed involves the insertion of a hydroxyl group at the a-carbon by a monooxygenase enzyme. The product, an unstable intermediate, then undergoes spontaneous rearrangement with subsequent elimination of sulfite. Initial studies on the utilization of MSA as a sole source of carbon and energy by the methylotroph M2 (Baker e t al., 1991 ; Kelly et al., 1994) have also indicated that the initial step involves desulfonation to produce formaldehyde and sulfite. Initial studies with cell-free extracts of strain M2 have identified an enzyme capable of oxidizing MSA in the presence of NADH. The enzyme is cytosolic and is induced in strain M2 only when grown on MSA as sole carbon and energy source (Kelly etal., 1994) . The enzyme had a pH optimum of 74-7.2, and was stable for several days at -20 "C; no appreciable loss of activity was observed after 5 weeks at -70 O C (J. Trickett & J. C. Murrell, unpublished observations). The formaldehyde produced is then either assimilated into cell biomass via the serine pathway (Baker etal., 1991) , or further oxidized to carbon dioxide via formate to regenerate reductant for biosynthesis and the initial oxidation of MSA (Kelly et al., 1994) . T o our knowledge, no enzyme capable of oxidizing an aklyl sulfonate by a mono-oxygenolytic type mechanism has been characterized. This paper describes the initial purification and characterization of an MSAmonooxygenase (MSAMO), capable of C-S bond fission in the presence of NADH, from methylotroph strain M2, and also the isolation of mutants of strain M2 lacking the ability to carry out such a reaction.
METHODS

Materials.
Except where otherwise stated, all chemicals were of analytical grade supplied by Aldrich or Sigma.
Growth of the organism and preparation of cell-free extracts.
Methylotroph strain M2 (Baker et al., 1991) was cultivated and maintained on mineral salts medium Min E (Kelly et al., 1994) . Trace element solution (Tuovinen & Kelly, 1973) and vitamin solution (Kanagawa et al., 1982) were added only when specifically stated. Carbon substrates were added to give a final concentration of 20 mM, unless otherwise stated. For solid media, Difco bacto agar (15 g 1-' ) was added to the medium prior to sterilization. To provide the large amounts of biomass required for protein purification studies ; a MSA-limited chemostat was set up to provide steady-state biomass of strain M2 (Kelly e t al., 1994) . Initially, a batch culture of strain M2 was grown in a 5000 ml fermenter (LH210 series) equipped with pH, oxygen and temperature control. A constant temperature of 30 O C and pH 7.0 were used throughout and air was supplied to the fermenter continuously at 1 ml (ml culture)-' min-'. Medium was pumped into the fermenter at a dilution rate of 0.05 h-' using a Watson Marlow flow inducer, commenced when the culture reached OD,,, 1.5 (Shimadzu UV-150-02 spectrophotometer). Cells were harvested by centrifugation (17000g) at 4 "C, washed three times with 40 mM Tris/HCl buffer, pH 7-0, and finally resuspended in the same buffer. The cells were either drop-frozen in liquid nitrogen prior to storage at -70 O C or immediately broken by two or three passages through a chilled French pressure cell at 137 MPa. Cell debris was removed by centrifugation (50000g) for 75 min at 4 O C to yield cell-free extract which was immediately used, or dropfrozen in liquid nitrogen and stored at -70 "C.
Analytical methods. The protein content of cell extracts was determined by the methods of Bradford (1976) . SDS-PAGE analysis of cell extracts and protein fractions was carried out on 12% (w/v) acrylamide gels. Low molecular mass protein standards (Pharmacia Biotech), composed of phosphorylase b (94000 Da), BSA (67000 Da), ovalbumin (43000 Da), carbonic anhydrase (30000 Da), soyabean trypsin inhibitor (20 100 Da) and a-lactalbumin (14400 Da), were used to calibrate these gels. Immunoblotting (Towbin e t al., 1979) was carried out using a Gradipore electroblotting system and Hybond C nitrocellulose (Amersham). Antibody to methanol dehydrogenase (MDH) from Metbylobacterium extorquens AM1 , was kindly supplied by Professor C. Anthony.
Whole-cell oxygen electrode studies.
Oxygen electrode studies were carried out by the method described by Kelly et al. (1994) ; however, only 2&30 mg dry weight of washed cells were used in each experiment and the change in oxygen uptake was determined after the addition of 1 mM (final concentration) of each substrate.
Enzyme assays.
A modification of the spectrophotometric assay for measuring MSA monooxygenase activity was used, based on monitoring the substrate-stimulated oxidation of NADH at 340 nm (Kelly e t al., 1994) where 2 nmol FAD and 100nmol Fe(NH,),(SO,), were also added to the reaction mixture (1 ml final volume). A microtitre plate assay was also used for rapid screening of MSAMO activity in column fractions and of mutants. This assay was based on the detection of sulfite produced following MSA oxidation. The sulfite was detected qualitatively using Ellman's reagent [5,5'-dithiobis(2nitrobenzoic acid)] which produces a yellow colour on reaction with sulfite (Johnston et al., 1975) . Assays were carried out in microtitre plates with a final volume of 200 pl in each well. Each assay contained 25 pl NADH (10 mM), 25 pl MSA (50 mM), 25 pl Ellman's reagent (1 mg ml-' in 100 mM phosphate buffer pH 7.0) and 20 pl of each protein fraction (10-50 pg). The reaction mixture was then made up to 200 pl with 40 mM Tris/HCl buffer, pH 7.0. T o ensure colour formation was due to sulfite production and not interference from thiols, controls for each assay were carried out which omitted MSA and replaced it with an equal volume of the same Tris buffer. Biodegradation of methanesulfonic acid protein in each assay. All enzyme activities reported are the mean of at least three separate determinations.
Partial purification of MSAMO. Forty millilitres of cell extract (containing approximately 10 mg ml-' protein) was applied to a pre-packed Q-Sepharose HP 26/20 column (Pharmacia) equilibrated in 20 mM Tris/HCl buffer, pH 7.0, containing 50 mM NaCl (buffer A) at 4 "C. The column was washed with 150 ml buffer A to remove unbound proteins from the column. The bound proteins were then eluted by using a 350 ml gradient of increasing NaCl concentration (0.05-0-6 M) in 20 mM Tris/HCl buffer, pH 7.0. Fractions (5 ml) were then assayed for MSAMO activity by the microtitre plate assay for convenience. Those showing positive in this assay were then assayed using the spectrophotometric assay. The active fractions were then pooled, drop-frozen in liquid nitrogen and stored at -70 O C .
Mutagenesis.
Mid-exponential phase batch cultures of MSAgrown strain M2 were harvested by centrifugation, and the resultant cell pellets were resuspended in a sufficient volume of sodium acetate buffer (pH 4.6) to give a cell suspension equivalent to an OD,,, 1.0. NaNO, (100 mg ml-l) was added to the cell suspension (final concentration of 1 mg ml-l) to produce nitrous acid. Mutagenesis was terminated after incubation with shaking (200 r.p.m.) at 30 O C for sufficient time (23-25 min) to yield 3-5% cell survival. Termination of the mutagenesis by nitrous acid was achieved by addition of an equal volume of 40 mM Tris/HCl buffer, pH 7.0, and rapid centrifugation of the cells. Washed cells were resuspended in 200 ml sterile Min E medium and allowed to recover by incubation with shaking at 30 "C for 24 h in the presence of vitamin solution, trace element solution, 20 mM each of MSA, methylamine, formate, and 0.2% (v/v) methanol. The cells were then subjected to penicillin-enrichment by centrifugation and resuspension in Min E medium containing vitamin solution, trace element solution, penicillin G (100 pg ml-l) and a single C, compound (20 mM of one of MSA, methylamine or formate or 0-2 %, v/v, methanol). After incubation, with shaking, of the penicillinenriched cells at 30 O C for 24 h, the culture was centrifuged and washed in sterile Min E. The cell pellet was then resuspended in sterile Min E and diluted to give 103-104 c.f.u. m1-l. Aliquots (100 pl) were spread on Min E plates containing vitamin solution, trace element solution and the same carbon source used in the penicillin enrichment and incubated for 7 d. Pinpoint colonies were replica plated onto each of four plates containing Min E and one of the four C, compounds, i.e. MSA, methylamine, formate or methanol. Only colonies which were able to grow on two or more of these C, compounds were selected for further study.
RESULTS
MSAMO activity and inhibition in cell-free extracts
Initial studies with freshly-prepared cell-free extracts of MSA-grown strain M2 had revealed an enzyme capable of oxidizing MSA in the presence o f NADH (Kelly e t al., 1994) . MSA-dependent oxidation of NADH also occurred in cell-free extracts of ethanesulfonic acid g r o w n cells of strain M2. However, no such MSA-dependent NADH oxidation was observed in cell extracts of strain M2 when grown o n methanol, formate o r methylamine as sole sources of carbon and energy indicating that MSAMO was a n inducible enzyme and that ethanesulfonic acid is a substrate for the enzyme. T h e Km and Vmsx values for MSAand ethanesulfonic acid-dependent NADH oxidation by extracts of MSA-grown strain M2 were 
sufficiently similar to each other [MSA, 48 pM and 65.5 nmol min-' (mg protein)-'; ethane sulfonic acid, 61-5 p M and 38.7 nmol min-' (mg protein)-'] to indicate oxidation by the same enzyme. Cell extracts also showed increased NADH consumption when challenged with a variety of potential substrates for the enzyme ( Table 1) . This enzyme activity was stable for several hours at 4 "C. Inhibition experiments were also carried o u t (Table 2) to determine whether the enzyme had associated metal ions, and a n associated electron transport system, as is the case with other oxygenases (Mason & Cammack, 1992) . Inhibition of the enzyme by metal chelators (bathophenanthroline, bathocuproine, neocuproine, aadipyridyl and sodium EDTA) indicated that the enzyme did indeed have associated metal ions which are required for activity. Enzyme activity was also inhibited by the respiratory-chain-inhibitors sodium azide, sodium arsenate and potassium cyanide (Table 2) , and by bubbling for 1 min with CO, which caused 89% inhibition, not reversible by further aeration. Electron transfer reactions were thus essential to the reactions producing cleavage of the C-S bond of MSA.
Resolution of MSAMO into three active fractions
Q-Sepharose ion-exchange chromatography was used t o separate proteins from cell extract into 5 ml fractions. MSAMO activity was not observed in any individual fraction from the Q-Sepharose chromatography step. However, MSA-dependent sulfite production was restored by adding together three different fractions in the microtitre plate assay. These fractions were designated A, strating that at least in vitro the enzyme was specific for NADH. B and C, in order of elution from the column (Fig. 1) . Fraction A was red and eluted from the column with 200 mM NaC1. Fraction B was yellow and eluted from the column with 300 mM NaC1. Fraction C appeared to be colourless and was eluted from the column with 440 mM NaC1, however, subsequent concentration of protein C by ultrafiltration with an Amicon YM3 membrane resulted in a reddish solution, indicating that the apparent lack of visible absorption was due to the low initial concentration of protein in this column fraction. The requirement of each component for MSAMO activity was confirmed using the standard NADH spectrophotometric assay ( Table 3) . Addition of 2 nmol FAD and 100 nmol Fe2+ to the reaction mixture [concentrations similar to those used for other oxygenases (Subramanian e t al., 1981 ; Schlafli et al., 1994) ] resulted in a fivefold increase in enzyme activity ( enzyme was unable to oxidize longer-chain alkyl sulfonates or substituted short-chain alkyl sulfonates, e.g. amino-MSA, butanesulfonic acid, pentanesulfonic acid, isethionic acid, L-cysteic acid or taurine. These results imply some steric hindrance excluding longer-chain alkyl sulfonates and relatively bulky substituted short-chain alkyl sulfonates from the active site of the enzyme. The enzyme did not oxidize methane, DMS, methylsulfoxide, methanethiol, methanol, methylamine, formaldehyde or formate, indicating that the enzyme is indeed specific for short-chain alkyl sulfonates and compounds which are extremely similar in structure. The narrowing of substrate specificity seen on partial purification of the enzyme implied that enzymes that were present in cell extract that are capable of oxidizing compounds such as methylamine had been removed from the partially purified MSAMO complex.
Inhibitors
Inhibition
Mutant isolation
The isolation procedure used in this work exploited a useful property of strain M2, namely its ability to ' scavenge ' an unidentified carbon source in Bacto agar, which enabled it to grow slowly on Min E agar plates without the addition of a carbon source. Under these conditions, colonies produced were approximately 0.1 mm diameter, compared to colonies of 1-2 mm diameter observed in the presence of an added carbon source. The pin-point colonies selected during the mutant isolation procedure were assumed to be derived from cells which were unable to use the added carbon source present in the plates. The mutants sought were those in which only the initial reactions in the metabolism of C, compounds had been affected. To isolate mutants impaired only in the initial oxidation steps, pin-point colonies were replica-plated onto four plates each containing a different C, carbon source. Only those mutants that could utilize at least two or three different carbon sources were selected for further analysis. The omission of vitamins and trace elements from this step, and subsequent steps in the isolation procedure, mitigated against the selection of the corresponding auxotrophs. After penicillin enrichment, 5-10% of colonies were of the very small, pin-point type. Biodegradation of methanesulfonic acid colonies were the desired C, mutants. Six were MSAmutants, two were methanol-, three were methylamineand two were both MSA-and formate-mutants. The growth characteristics of selected mutants (Table 4) were confirmed by growth in liquid culture on C, carbon sources (MSA, methylamine, formate and methanol) and comparison with the wild-type strain M2.
Characterization of MSA-mutants
The MSA-mutants (Table 4) were unable to utilize MSA as a sole carbon and energy source in either solid or liquid media. They were able to utilize other C, compounds (methanol, methylamine and formate) with growth rates similar to that of wild-type strain M2. T o ensure that the MSAMO was induced during these growth experiments and subsequent experiments, the mutants and wild-type strain M2 were grown in liquid culture containing 6 mM formate and 20 mM MSA. The formate present allowed sufficient biomass to be produced for analysis. Once all the formate in the culture was utilized, the MSA present could induce expression of MSA enzymes in the cells.
Oxygen electrode studies were carried out to confirm that enzymes which may be involved in the MSA oxidation pathway had been unaffected by the mutagenesis of strain M2. Experiments showed that in contrast to wild-type strain M2, the endogenous oxygen consumption rates of the mutant cells were not stimulated by the addition of MSA, however the mutants responded to the addition of other C, compounds in much the same way as the wildtype strain M2 (Kelly eta/., 1994) . For example, methanol, methylamine and formate oxidation rates were unaffected. MSAMO activity was not detected in any of the MSAmutants by either the microtitre plate assay or the spectrophotometric NADH oxidation assay. In some of the MSA-mutants, MSAMO activity could be restored by ' biochemical complementation ' of cell extracts with partially purified components of the enzyme from the wild-type organism ( Table 5 ), suggesting that these mutants may be defective in one or more structural polypeptides of the MSAMO. The mutants that could not be complemented by partially purified components A, B or C are either regulatory or transport mutants which inhibit transcription of all the polypeptides required for MSA oxidation. 
Mutant Component added to mutants :
None A B C -+ -+
Characterization of methanol-mutants
The methanol-mutants (Table 4) were unable to utilize methanol as sole source of carbon and energy; however, they did utilize other C, compounds (MSA, methylamine and formate) as did the wild-type strain M2. Oxygen electrode studies using whole cells of the methanolmutants grown on MSA gave almost identical results to wild-type strain M2 when challenged with MSA, formate and methylamine. The exception was the lack of methanol-stimulated oxygen uptake upon the addition of methanol. MDH activity, as assayed by the method of Day & Anthony (1990) , was also absent in cell extracts of the two methanol-mutants. Immunoblot analysis of the methanol-mutants compared with wild-type strain M2 showed profound differences. Antibodies to MDH from M. extorqtrens AM1 reacted with the large subunit polypeptide of the MDH (approx. 63 kDa) in MSAgrown wild-type strain M2 as expected (Fig. 2) . However, no proteins in the cell extracts of the methanol mutant-1 cross-reacted with this antibody. Using cell extracts from the methanol mutant-2, the MDH antibodies crossreacted with a polypeptide (approx. 65 kDa) somewhat larger than the large subunit of MDH found in the wildtype strain M2. This indicated that two different mutants had been isolated: a structural mutant which expressed a large subunit of MDH which differed in size to that of the MDH in wild-type strain M2; and a regulatory mutant in which the large subunit was not expressed.
DISCUSSION
Isolation of mutants which could not utilize methanol as sole carbon and energy source, but which were still able to utilize MSA, supports the proposed MSA oxidation pathway in strain M2 (Kelly etal., 1994) , whereby MSA is oxidized directly to formaldehyde and sulfite, but methanol is not an intermediate in the pathway (Fig. 3) . The ability of methanol-mutants to grow at the expense of MSA confirmed that methanol was not an obligatory intermediate of the MSA degradative pathway in strain M2. Further evidence that methanol was not an intermediate was provided by observations during oxygen electrode studies with wild-type M2. Cyclopropanol, a specific inhibitor of PQQ-dependent MDH (Dij kstra e t al., 1984; Higgins e t al., 1993) , did not inhibit the oxidation of MSA by MSA-grown cells of strain M2, but did inhibit methanol oxidation in the same cells (J. Trickett & J. C. Murrell, unpublished observations). Elimination of methanol as a potential intermediate of MSA biodegradation, and the production of sulfite by cell extracts of strain M2 is consistent with an oxygenolytic mechanism. This mechanism involves the insertion of a hydroxyl molecule onto the carbon atom by a monooxygenase enzyme to form an unstable intermediate which spontaneously rearranges to produce formaldehyde and sulfite (Fig. 3) .
Resolution of the enzyme into three active components is not uncommon among oxygenase enzymes ( -43 000 - , 1994) . Key reactions are as follows: (a) an NADH-dependent MSAMO yields formaldehyde and sulfite (which is subsequently oxidized to sulfate); (b) formaldehyde is subsequently assimilated via the serine pathway or is oxidized to formate by formaldehyde dehydrogenase; (c) formate is further oxidized to CO, by formate dehydrogenase with regeneration of NADH. Dalton, 1989; Mason & Cammack, 1992; Powlowski & Shingler, 1994; Romanov & Hausinger, 1994) . The three-component oxygenases very often have similar features: (i) each has a flavoprotein which acts as an oxidoreductase, catalysing the transfer of two electrons from NADH to the terminal oxygenase component; (ii) the terminal oxygenase contains a transition metal for binding molecular oxygen, and the substrate binding site; (iii) the third component is a small protein which has an alternative role in different oxygenases. It may aid in the transfer of electrons from the flavoprotein to the terminal oxygenase by means of an iron-sulfur cluster, e.g. toluene and naphthalene dioxygenase (Subramanian e t al., 1985 ; Haigler & Gibson, 1990) . In such enzymes, the flavoprotein will still reduce the iron-sulfur protein at the expense of NADH in the absence of the terminal oxygenase component. In other three-component oxygenases such as methane monooxygenase, the small protein has no redox active metals or cofactors, and is thought to act as regulatory protein (Lipscombe, 1994) preventing uncoupled NADH oxidation in the absence of substrates. The NADH oxidation observed in the absence of component B of MSAMO (Table 2) T. P. HIGGINS and OTHERS during the purification of oxygenases is well documented (Subramanian e t al., 1981 ; Locher e t al., 1991 ; Schlafli e t al., 1994) .
The narrowing of substrate range upon partial purification of MSAMO raises some interesting questions about the biodegradation of primary aliphatic sulfonates. The failure of the partially purified enzyme to oxidize substituted sulfonates (amino-MSA, isethionic acid, Lcysteic acid or taurine) and sulfonates > C, indicates that other enzymes are present in cell extracts which can oxidize them, or that the compounds undergo some enzyme processing before MSAMO can utilize them as substrates : for example amino-MSA may undergo NADH-dependent reductive deamination in cell extracts :
Butane-and pentanesulfonic acids may undergo cuoxidation to shorten the chain-length of the molecules prior to oxidation by MSAMO in cell extracts. Studies on the biodegradation of medium-and long-chain alkyl sulfonates (C4-C12) proposed mono-oxygenolytic attack at the a-carbon (Thysse & Wanders, 1974) . These studies also indicated that enzymes with differing substrate specificities oxidized the medium-and long-chain sulfonates, respectively. The ability of MSAMO to desulfonate only short-chain sulfonates suggests that metabolism of primary aliphatic sulfonates by different enzymes may be carbon-chain-length-dependent. Interestingly, biodegradation of a similar group of compounds, the primary alkyl sulfates, show similar patterns (Cloves e t al., 1980; Bateman e t al., 1986 ; White e t al., 1987; Higgins e t al., 1993; Matts e t al., 1994). The existence of distinct enzymes for the degradation of short-, medium-and longchain alkyl sulfates is thought to be due to the hydrophobic contributions of the alkyl chains to enzymesubstrate interactions (Matts e t al., 1994). Thus, the alkyl chains of medium-and long-chain alkyl sulfonates may not only sterically hinder them from accessing the active site of MSAMO, but may also confer incorrect enzymesubstrate interactions at the active site and thus prohibit their oxidation by MSAMO.
The MSA-structural/functional mutants isolated could be due to a nonsense mutation in one or more of the genes encoding polypeptides of the MSAMO, so that the enzyme is lacking in one or more of the oxygenase components required for activity. Another possibility is that the genes encoding MSAMO are not clustered and thus a mutation has only knocked out a single component of the oxygenase enzyme. The MSA-regulatory mutants isolated are probably caused by mutations in the promoter site or some other regulator, thus inhibiting transcription. Another possibility is that they may be transport mutants in which the transport of MSA into the cells may be affected, thus inhibiting the induction of the enzyme. SDS-PAGE analysis of the mutants (data not shown) demonstrated the absence of all the putative MSAMO polypeptides in the regulatory mutants. Presence of some, but not all, of the putative MSAMO polypeptides was observed in the structural/functional mutants to which activity could be restored by the addition of partially purified components of the enzyme complex. The isolation of both structural and regulatory mutants of MSA metabolism facilitates their use in future studies concerning the regulation of MSA oxidation pathways. These mutants will also be useful for cloning (by complementation of such mutants) of the genes encoding the MSAMO enzyme complex, once systems for gene transfer in strain M2 are established. Interestingly, both formatemutants isolated were also unable to utilize MSA as a sole source of carbon and energy. The isolation of such mutants would indicate that formate oxidation by formate dehydrogenase (Fig. 3) provides a means of recycling NADH utilized by MSAMO, in an analogous situation to growth on methane whereby reduction of NAD' by formate dehydrogenase supplies reductant for the initial oxidation step carried out by methane monooxygenase (Lipscombe, 1994) . These double mutants could also be transport mutants lacking the ability to take up both MSA and formate into the cell. The capacity of methylamine mutants to grow on MSA as sole source of carbon and energy, whilst lacking the ability to utilize methylamine suggest that the metabolism of these two C, compounds is distinct (at least up to the point of formaldehyde).
The partial purification of a three-component MSAMO is, to our knowledge, the first reported for an enzyme capable of oxygenolytic cleavage of a C-S bond of an alkyl sulfonate. Future studies will concentrate on the purification of the individual components, how these components interact with each other to bring about the NADH-specific oxidation of MSA, and how this MSAinducible enzyme is regulated.
